Electronic and transport properties of CuGaTe 2 , a hole-doped ternary copper based chalcopyrite type semiconductor, are studied using calculations within the Density Functional Theory and is associated with anisotropic transport from a combination of heavy and light bands. Also for CuSbS 2 (chalcostibite) a better performance is obtained for p-type than for n-type doping. The variation of the thermopower as a function of temperature and concentration suggests that CuSbS 2 will be a good thermoelectric material at low temperatures, similarly to the isostructural CuBiS 2 compound.
I. INTRODUCTION
Thermoelectric (TE) materials with potential applications within power generation and refrigeration have represented a thrust area of research for the past few decades. TE materials can convert waste heat into electric power and hence play a vital role in meeting the present condition of energy crisis and environment pollution. [1] [2] [3] [4] The performance of a TE material is reflected in the dimensionless figure of merit, zT , given by zT = S 2 σT κ , where S, σ, κ and T are the thermopower, the electrical conductivity, the thermal conductivity, and the absolute temperature, respectively. κ includes both the electronic, κ e , and the lattice contributions, κ l , i.e. κ = κ e + κ l . From this expression, it is evident that finding materials with high zT is a challenge, as it appears that such a material should satisfy the conflicting requirements of high thermopower, which is often found for doped insulators, and behave as a good electrical conductor like a metal with a low thermal conductivity. Good electrical conductivity and poor thermal conductivity implies a weak electron scattering and strong phonon scattering. Remarkable progress has been made in recent years exploring different classes of materials for better TE performance. [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] Few materials with zT > 1 are known.
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Apart from the material properties necessary for a good figure of merit, there are also other materials properties to be considered. The materials should possess a high melting point as far as "waste heat recovery" is concerned, and they should be structurally stable in the operating temperature range. In addition, the constituents of the materials should be abundant and in-expensive. The real success in the field of thermoelectrics lies in identifying a material with all the desired properties. improves its TE performance. The present work is a theoretical analysis of CuGaTe 2 , which supports the classification of this compound as an excellent thermoelectric material. In addition, also CuSbS 2 is examined. This compound is isostructural with CuBiS 2 , which has been predicted to be an excellent TE material.
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The paper is organized as follows: Section II describes the method used for the calculations, and section III presents the results and a discussion. Conclusions are given in section IV.
II. METHODOLOGY
The electronic band structures were calculated by means of the full-potential linear augmented plane wave (FP-LAPW) method based on first-principles density functional theory as implemented in the WIEN2k code. 33 Since calculations using standard local-density cover only temperatures up to 700 K, again a safe regime as far as the CSTA is concerned. Table I ). The gap is large enough to prevent bipolar performance. This is discussed in the following section.
B. Thermoelectric properties of CuGaTe 2 and CuSbS 2
The carrier concentration and temperature dependent thermoelectric properties of and concentration dependent (σ/τ ) ratio.
Thermopower
The calculated value of S depends on carrier concentration and temperature, but it is independent of τ due to the CSTA. The calculated thermopower for CuGaTe 2 , S(T, p), as a function of hole concentration p at different temperatures along the a-and c-axes is shown in Figs. 3(a) and 3(b) . The trend of the thermopower along the two axes is similar to what has been found for other thermoelectric materials with the tetragonal structure.
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It is also seen that the thermopower increases with decreasing carrier concentration.The 5 the difference in the thermopower along a and c is ∼ 65 µ V/K (larger along a), which is about twice as large as in p-type doped CuGaTe 2 (FIG. 3) . This might be unfavorable for the potential use of n-type doped CuGaTe 2 as a thermoelectric material. 25 The variation of the thermopower with temperature for CuSbS 2 at selected hole concentrations is displayed in FIG. 6(a) . The thermopower increases with decreasing carrier concentration as in all good TE materials. The melting point of CuSbS 2 is relatively low, ∼ 825 K,compound is less suited for high temperature applications, however it may find application as a cooling component, similar to the isostructural CuBiS 2 compound. 22 To investigate the anisotropy of thermoelectric properties we have calculated the directional dependent thermopower as function of the hole and electron concentration as shown in FIG. 6(b, c) .
From the figure, it appears that the thermopower is very similar in the the x and z directions, while it is higher in the y direction by about 70 µV/K for hole doping and numerically lower by 100 µV/K for electron doping. Thus, the thermopower for hole doping is somewhat larger than for electron doping, assuming similar carrier densities. The magnitude of the thermopower for hole doping is similar to what is found for the isostructural CuBiS 2 , 22 while the anisotropy is somewhat larger.
Electrical conductivity
The electrical conductivity may be estimated for CuGaTe 2 by a combination of theory and experiment. This requires that, the scattering time τ is estimated, which is possible 
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Here, σ(T ) exp and p(T ) are the measured conductivity and carrier concentration, respectively, while (σ/τ ) is the calculated ratio. Subsequently, we may obtain σ as a function of two variables by multiplying the calculated ratio by τ (T ):
The scattering time obtained in this way is displayed in figure 7 . A similar procedure was adopted by Ref. 17 , however using only one p(T ) value and assuming phonon-dominated scattering. Fig. 8 shows the obtained electrical conductivity (σ) along the a-and c-directions as functions of hole concentration. The electrical conductivity increases in both cases essentially linearly with the carrier concentration, as also found in Drude's model. The conductivity is significantly higher along the a-axis than along the c-axis, approximately by a factor of 5. The electrical conductivity is a decreasing function of temperature for given carrier density, mainly reflecting the temperature dependence of the scattering time.
Having the thermopower and the electrical conductivity, the power factor (S 2 σ) is calcu- In the case of CuSbS 2 the calculated variation of the (σ/τ ) ratio with hole and electron concentration at 300 K is shown in FIG. 10(a,b) . The (σ/τ ) varies almost isotropically with a little difference seen along the b-axis, which is similar to the trend observed in the thermopower, FIG. 6(b,c) . The (σ/τ ) ratio is higher for hole doping than for electron doping, so for similar carrier density and similar scattering times, this implies better TE performance for p-type CuSbS 2 . As there are no experimental data available for this compound, we were not able to proceed to find the electrical conductivity as in the case of CuGaTe 2 .
Thermal Conductivity and zT
To calculate the figure of merit zT the thermal conductivity κ must be known. This was taken from the experiment. 26 κ is the sum of the electronic and the lattice thermal conductivities, κ = κ e + κ l , and these authors showed that if the electronic thermal conductivity is obtained from the Wiedemann-Franz (WF) relation κ e = LσT , using the Lorentz number (L = 2.45 · 10 −8 W Ω / K 2 ), the lattice contribution is well described with an inverse T law, i.e. κ l = A/T , in the range 400-800 K, as applicable to Umklapp scattering. The WF relation is valid for metals, whereas more accurate modeling may be needed in some cases for semiconductors, see Ref. 50 and references therein. At temperatures above 800 K the lattice thermal conductivity seems to fall more steeply than dictated by the Umklapp law. 
